Neutral krypton atoms were excited from the ground state 4p6 S0 to the 4p 6p[3/2]2 state by a resonant two -photon absorption from a line-narrowed ArF excimer laser operating at 193.41 nm. A third photon, absorbed while the atom is in the excited state, ionizes it.
1.

INTRODUCTION
Since the availability of high -powered lasers, multiphoton spectroscopy has emerged as a powerful tool for studying the properties of excited and Rydberg states of atoms and molecules. 1 We were motivated to investigate multiphoton excitation and ionization in atomic krypton, for use as a "guiding gas" to channel an 0.5 -10 kA electron beam.
Currently such guiding is performed by photoi,orizing low pressure benzene with two photons from a KrF laser. '14 Krypton would be a more benign and easily modeled working gas.
It is excited resonantly using a wavelength narrowed ArF laser operating at 193.41 nm. Some of the results described below are also discussed in References 6 , and 7.
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THEORY
The fundamental quantity* the two-photon absorption cross 2 '
We rewrite the matrix element M in terms of the familiar dipole transition matrix element (14) as is the transition wavenumber between these levels in cm , and 4 E is 8the energy difference between these levels in units of Rydberg.
Usiig these, the two -photon absorption cross -section O0 (2) The other fundamental quantity, the photoionization cross section dpi is computed for the 4p 6p[3/2]2 level of kryptton by using the expression, based on a hydrogenic approximation, The probability of ionization Pk is then given by the integral Pk= FkFkdt (7) (8) while the number of ions produced at the end of the pulse (presuming single electron ejection) is
Ni
No { 1 -exp(-Pk)} (9) where |<|R^ ]|>| is in units of a o 2 , (a o beina the Bohr radius), ( ) 2 are the 3j-svmbols of interest. A*-^' is the transition probability (in s"-1 ) between the levels (J^M'j) and (J/Mj) . OT is the transition wavenumber between these levels in cm"1 , and 2iE is the energy difference between these levels in units of Rydberg.
Using these , the two-photon absorption cross-section (To 2 ' for the 4p5 6p[3/2] 2 l evel at 3* wavelength of 193.41 nm is evaluated to be (Jo 2 ' = 2.18xlO~37 cm4 .
This corresponds to the twophoton coupling parameter o< = 1.43xlO~32 crnyW. For comparison with the nonresonant ionization, we note that as long as perturbation theory is applicable, the k-photon ionization can be described in terms of the generalized crosssection <T*k (in units of cm23c s*" 1 ) and the photon flux F (cm" 2 s"" 1 ) , by defining the transition probability per unit time wk as The probability of ionization Pk is then given by the integral while the number of ions produced at the end of the pulse (presuming single electron ejection) is
We consideir0 a temporal pulse shape that is Gaussian in time, defined by
The pulse width at half maximum is defined to be 1n2)1/2 (11) and the average pulse irradiance is related to pulse fluence 416 by
If we are far from the saturation region, Eq. (9) can be simplified to yield
where Fo is the averaged peak flux, '¿L is the duration of the laser pulse and g(k) is the pulse shape factor given by
COMPUTATIONAL RESULTS (14) Using the resonant expressions one can solve the appropriate rate equations and compute the excited and ion number densities as shown in Table I .
These are for two -photon resonant, threephoton ionization of atomic krypton. We consider a temporal pulse shape that is Gaussian in time, defined by10 -I 0 exp { -tA 0 }
The pulse width at half maximum is defined to be rp = 2 r 0 (In2) !/2 (11) and the average pulse irradiance is related to pulse fluence ^p by
where FQ is the averaged peak flux, t^ is the duration of the laser pulse and g(k) is the pulse shape factor given by
Using the resonant expressions one can solve the appropriate rate equations and compute the excited and ion number densities as shown in Table I . These are for two-photon resonant, threephoton ionization of atomic krypton.
Consider now the details of non-resonant 3-photon ionization of atomic krypton at 193.41 nm, at a pressure of 0.01 Torr and a temperature of 297°K.
At p = 10 mT; T = 297 P K NQ = 3.252xl0 14 atoms/cm3
At I -10 8 W/cm2 F0 = 9.713X10 25 photons/cm2 -sec However for linearly polarized light, the generalized cross sections all are two orders of magnitude higher than those for circularly polarized light so Ni may now range from 1.85x102 to 1.85x0 atgm /cm for the same initial conditions.
Recall that at 10 W /cm , under all similar conditions as above, for a twophoton resonant three-photon ionization of atomic krypton (see Table I ) Ni = 2.247x108 cm -3. 
EXPERIMENTAL RESULTS
The experimental results are discussed in detail in Refs. 6 and 7.
Here we summarize possible effects upon the cross However for linearly polarized light, the generalized cross sections <J^ are two orders of magnitude higher than those for circularly polarized light so N^ may now range from 1.85xl0 2 to 1.85xl0 4 atom/ cm3 for the same initial conditions. Recall that at 10 8 W/cm , under all similar conditions as above, for a twophoton resonant three-photon ionization of atomic krypton (see Table I ) N-= 2.247xl0 8 cm" 3 . The experimental results are discussed in detail in Refs. 6 and 7.
Here we summarize possible effects upon the cross sections. The computed and measured values of No agree well on average (except for the two lowest pressures) wnen a value of <T(2) = 5.4xio~37 cm4 (corresponding to a two-photon coupling parameter p<= 3.5xlO~32 cm4/W) is used. We find that on average, an adjusted cT^i = 4.39xlO" 19 cm2 , would bring theoretical N£ results into Agreement with the experimental ones.
The uncertainties in the experimentally determined cross sections are +50%. 5 .
LASER REQUIREMENTS
We here calculate the energy needed to provide a required line density of ions for electron beam guiding.
Consider a 500 A, 5 ns pulse. The number of electrons is 1.56x1013.
The beam volume is, asquming a length of c x 5 ns = 150 cm, and -4 radius of 3mm, 423 cm . Hence the electron density is 3x10 cm -J.
The required laser -produced ion density for gives the required line density ( Table I ). 
BEAM GUIDING CALCULATIONS
An electron beam propagation code (IPROP) was modified to include Rydberg excitation and collisional ionization physics. It is a multispecies, relativistic, particle -in -cell simulation code with a full electromagnetic field solver in 3 dimensions, with the azimuthal coordinate analyzed into Fourier modes. A given length of beam can be followed for long distances by using a reference frame moving with the beam.
Beam electrons, plasma electrons, and plasma ions comprise three separate species.
Ground state krypton atoms can be ionized collisionally by beam electrons, and Rydberg atoms collisionally by all electrons (depending on cross section), and also by electric field ionization.
All Rydberg atoms are assumed to have the same principal quantum number. An ionization event is treated as a simultaneous addition of a macro -electron and a macro -ion to their respective species, at the location of the event.
A corresponding decrease in the source atom density is made. Simulations compute the composite ionization process, the electrodynamics of plasma electrons being expelled from the channel, and the guiding efficiency of the electron beam within the channel. 
LASER REQUIREMENTS
We here calculate the energy needed to provide a required line density of ions for electron beam guiding. Consider a 500 A, 5 ns pulse. The number of electrons is 1.56xl0 13 . The beam volume is, assuming a length of c x 5 ns = 150 cm, and a radius of 3mm, 423 cm3 . Hence the electron density is 3xl0 9 cm"" 3 .
The required laser-produced ion density for a charge neutralization fraction f = 0.1 is 3.7xl0 10 cm"" 3 , which corresponds to a line density of IxlO 10 cm"" 1 .
The beam line density is ten times as great.
Using ArF at 193 nm, krypton p = 10 mT, an irradiance of 2.5xl0 8 W cm" 2 gives the required line density ( Table I) If field ionization from excited 6p states works, the irradiance requirements are reduced to 5.3xl0 7 and 1.48xl0 8 W cm" 2 , and the corresponding energies to 1.8 or 5.0 J.
BEAM GUIDING CALCULATIONS
An electron beam propagation code (IPROP) was modified to include Rydberg excitation and collisional ionization physics. It is a multispecies, relativistic, particle-in-cell simulation code with a full electromagnetic field solver in 3 dimensions, with the azimuthal coordinate analyzed into Fourier modes. A given length of beam can be followed for long distances by using a reference frame moving with the beam.
Beam electrons, plasma electrons, and plasma ions comprise three separate species. Ground state krypton atoms can be ionized collisionally by beam electrons, and Rydberg atoms collisionally by all electrons (depending on cross section), and also by electric field ionization.
All Rydberg atoms are assumed to have the same principal quantum number. An ionization event is treated as a simultaneous addition of a macro-electron and a macro-ion to their respective species, at the location of the event.
A corresponding decrease in the source atom density is made. Simulations compute the composite ionization process, the electrodynamics of plasma electrons being expelled from the channel, and the guiding efficiency of the electron beam within the channel.
